An understanding of slag/carbon interaction is of great importance due to their extensive application in a number of metallurgical process, such as blast furnace ironmaking and direct reduction ironmaking processes. Along with the improvement of blast furnace operation, many attentions have been also paid for direct reduction ironmaking processes to meet the recent severe supply conditions of resources, energy and environmental restriction. Most of direct reduction ironmaking processes had generally used natural gas as a reducing agent so that ironmaking plants were forced to locate near the natural gas production area. This restriction deteriorated the versatility of the process and market competitiveness.
action of iron was carried out by not only gas phase and direct solid carbon contact but also through molten slag. The same process may be expected to occur in the carbon composite pellets used in the direct reduction ironmaking processes. Thus the wettability of slag on carbonaceous material is very important for the carburization reaction as well as slag/metal separation in the direct reduction ironmaking process. Thus it is very important to understand the interfacial phenomena of molten slag on carbonaceous materials not only for blast furnace operation but also for the direct reduction ironmaking process based on coal.
Many coal-based direct reduction ironmaking processes are operated at relatively low temperature less than 1 773 K. Therefore, the information concerning with the interfacial properties of slags on carbonaceous materials at less than 1 773 K is very desirable for the effective operation of the direct reduction ironmaking process. However, the interfacial properties of slags on carbonaceous materials at less than 1 773 K have not been studied well compared with those at high temperature despite of its importance as just above mentioned.
In this study, the measurement of interfacial properties of slags associated with carbonaceous materials (coal and graphite) at relatively low temperature ( 
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To investigate the slag permeation to packed bed of carbonaceous materials, the measurement of molten slag's densities, surface tensions and dynamic contact angle on carbonaceous materials at relatively low temperatures (from 1 673 to 1 773 K) are carried out by applying the sessile droplet method. The interfacial compositions of slags and carbonaceous materials were examined by SEM/EDX. SiC at carbonaceous material surface was not observed. The variation of measured density, contact angle and surface tension with time were found to be almost negligible with given slag composition and at given temperature. It is reported that carbonaceous material wettability at the temperature of more than 1 873 K was strongly dependent on the slag composition as well as carbon properties. The almost constant contact angel with time in this study can be attributed to the negligible formation of SiC at carbonaceous material surface.
The slag permeation model has been developed along with the measurement of physical properties. The maximum retention height of liquid layer on the sphere packing layer is expressed by H C ϭA/L C ϩL C /2, where A is constant and H C and L C are the dimensionless slag layer retention height and the dimensionless sphere's diameter, respectively. Slag layer retention height on the carbonaceous material packing layer is evaluated using the measured physical properties. The proposed characteristic length l(ϭ√Ϫg L --cos --q/r g --) in the model can be used to characterize the slag permeation behaviour.
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on carbon sphere packing was evaluated by using the measured interfacial properties, based on the developed model.
Experimental
The interfacial reaction between slag and carbonaceous materials were studied in a horizontal tube resistance furnace using the sessile drop approach. Coal or graphite sample was used as a substrate while slag sample was melted on the substrate to make a sessile drop. The synthetic graphite was cut into square disc of dimensions of 60ϫ40ϫ5 mm from a solid block and was polished using emery paper up to 4 000 grit size and fine powder on the surface was removed by air brush.
Anthracite coal was used as a coal sample. Anthracite coal was initially heated at 1 773 K for 1 h to eliminate the volatile matter. Heat treated anthracite coal was cut into the plate shape, and its surface was polished using emery paper up to 4 000 grit size. The compositions of anthracite and graphite are shown in Table 1 .
Appropriate portions of reagent grade CaCO 3 , Al 2 O 3 and SiO 2 powders were mixed together for slag sample preparation in an agate mortar. The mixture was premelted in a Pt crucible and quenched to produce glassy sample. The glassy sample was ground to form powder. The prepared powder of about 0.8 g was pressed to form cylindrical shape (outside diameter: 8 mm, height: about 10 mm). The initial composition of the slag samples is presented in Table 2 and also in the CaO-SiO 2 -Al 2 O 3 system (Fig. 1) . The 5 different compositions of slag are distributed between the eutectic point of 1 443 K (slag A) and that of 1 538 K (slag B). Figure 2 shows the schematic of the experimental set up used for measuring dynamic contact angle between slag and carbonaceous materials. The horizontal tube furnace with an internal diameter of 50 mm was used. Approximately 0.8 g of cylindrical slag sample and reference alumina cylinder (outside diameter: 10 mm, height: about 10 mm) were located on carbonaceous substrate with an alumina holder and kept in the alumina reaction tube. The each end of the reaction tube was sealed by water-cooling brass caps.
The reaction tube was purged with deoxidized and de-hydrated Ar gas throughout the duration of experiment. The flow rate of 50 mL/min was controlled by a flowmeter. A high-resolution digital camera was used to capture the shapes of slag sessile droplet. The sample was kept at experimental temperature for 30 min. After that, it was started to record the picture of droplet for every 12 min and each 10 min after 1 h. The density and contact angle was evaluated from the recorded picture using the program "toronto". 4, 5) The surface tension was calculated based on the calculated density. peratures.
Experimental Results

Variation of Density
The typical examples of surface tension and contact angle on the graphite substrate at 1 673 K with time are shown in Figs. 4 and 5, respectively. The surface tension and contact angle do not show any particular tendency and seem to be almost constant with time within experimental error. The same behaviour of the contact angle at 1 773 K is also observed. The all values of contact angle in the present study are found to be more than 150°. Namely the slags do not wet with graphite and anthracite.
In case of anthracite, the density and contact angle for each slag also show almost constant values with time. The surface tension may slightly increase with time differed from that on graphite. It can be said from all these results, that slag density, slag surface tension and contact angle between slag and carbonaceous materials at less than 1 773 K are basically do not change with time.
The measured physical properties are quite different from previously reported results 6, 7) at high temperature of around 1 873 K. Namely, the contact angle generally decreases with time in the most of reports, especially in case of coke substrate. This decrease is believed to be due to SiC formation. 6, 12) In the represent study, the experimental temperature was relatively low less than 1 773 K so that SiC formation could be negligible. Average values of slag density, slag surface tension and contact angle between slag and carbonaceous substrates in this study are shown in Table 3 .
Effect of Temperature on Interfacial Properties
Mukai et al. 8) and Barret et al. 9) measured the surface tension and density at various compositions in CaOSiO 2 -Al 2 O 3 system at the temperature less than 1 773 K. Unfortunately, their compositions are not exactly the same as ours. Their interpolated values are used to compare the present results with them. The density of slag on the graphite substrate at various compositions (slag A, B, C, D and E) is shown as a function of temperature in Fig. 6(a) . The density slightly decreases with temperature. The results of density measurements by Mukai et al. 4) and Barret et al. 5) are also shown in Fig. 6(a) . Their results show the same temperature dependency although the absolute values are slightly different. The surface tension on the graphite substrate at various compositions (slag A, B, C, D and E) is shown as a function of temperature in Fig. 6(b) . The surface tension very slightly increases with temperature. The ab- Table 3 . Physical properties of slag on graphite and anthracite substrate at experimental temperatures. solute values of surface tension in the present study are found to be slightly larger than those of Mukai et al. 8) and Barret et al. 9) at the same composition. Their results 8, 9) also shows the same tendency that their surface tension slightly increases with temperature. Almost the same tendency of slight increase of surface tension with temperature is also observed for the case of anthracite substrate for all slag compositions.
The effect of temperature on the contact angel between slags (A, B, C, D and E ) and graphite is shown in Fig. 6(c) . The contact angle is very slightly decreased with temperature for all slag compositions. The effect of temperature on the contact angel between slags (A, C and E) and anthracite is shown in Fig. 7 . The contact angle did not change with temperature for all slag compositions.
Effect of Slag Composition on Interfacial Properties
The surface tensions as a function of basicity at 1 723 K are shown in Fig. 8 with the results of Mukai et al. 8) and Barret et al. 9) The surface tensions increase with increase of basicity. The dependence is observed also at 1 673 K and 1 773 K. This tendency is accord to those of Mukai et al. 8) and Barret et al. 9) The basicity has no effect on the contact angle on the graphite and anthracite substrate as shown in Fig. 9 . Most interesting finding in this study is that the contact angle of slag on the anthracite or graphite substrate is almost independent of the temperature variation (1 673 to 1 773 K) and composition.
Slag Retention
Model of Slag Retention on the Packed Bed
Slag retension model was developed to investigate the permeation behavior of molten slag. The model's reliability was examined using water permeation experiment. The molten slag on the carbon packed bed is schematically illustrated in Fig. 10 . In this model carbon is assumed to be the same size (diameter: L), spherical and closely dense packed. The weight of slag is assumed to be balanced by the surface tension at the contacting line on the spherical carbon surface just as shown in Fig. 11 . In other words, slag starts to permeate when the slag's weight surpasses the surface tension. The weight of slag is evaluated from the volume indicated by broken white lines in Fig. 11(b) . The details of mathematical deduction are presented in appendix. The surface tension acting on the solid sphere surface, (1) where L is the diameter of sphere and g L is the surface tension of molten slag. q and f are indicated in Fig. 11 (4) where r is the slag density and g is the gravitational constant. Since the force F and slag weight, P, are balanced each other, that is, equating Eqs. (1) and (4) The surface tension, F, becomes the maximum with f of p/2 radian, and it correspond slag retension height reached to the maximum on that condition. Thus substituting f of p/2 into Eq. (5) Namely, the maximum liquid retention height on the packed bed is simply controlled by the geometrical factor of sphere's diameter (L) and the liquid physical properties of their density, surface tension and contact angle with the substrate.
Water Model Experiment
The measurement of the retention height of distilled water on the teflon-coated spherical glass bead layer with various diameters was carried out to confirm the validity of the model. The experimental set up is schematically shown in Fig. 12 . The teflon-coated glass bead was packed in a glass cylinder. The inside of the cylinder was also tefloncoated. The distilled water was carefully introduced on the glass layer quietly using a syringe. The water height was recorded by a digital camera for each water drop introduction until the water started to permeate. The experiments were carried out changing the glass bead diameter. The density and surface tension of water were evaluated using the same measurement system for molten slags. The result is shown in Fig. 13 . There is remarkable agreement between the calculated height and experimental values. The validity of the model is affirmed from this good agreement, so that it can be used to estimate the slag permeation behaviour into carbonaceous material layer. 
Slag Retention Height Evaluation
The slag retention height, H, on the packed bed of carbonaceous materials calculated as a function of L (sphere's diameter) using the developed model and the physical properties of slag measured in the present study.
Effect of Substrate
The effect of substrate for the retention height of slag E (basicity of 0.95) at 1 773 K is shown in Fig. 14. Although the slag retention height on the graphite substrate is slightly larger than that on the anthracite, they are practically the same. The retention height is found to be almost the same for slags with other composition and at 1 673 K.
Effect of Basicity
The retention heights of slag A (basicity of 0.37) and slag E (basicity of 0.95) on anthracite at 1 773 K are shown in Fig. 15 . The retention height increases very slightly with increase of basicity. The retention height at 1 673 K also increases very slightly with increase of basicity. The effect of kinds of substrate is also found to be negligible.
Effect of Temperature
The retention heights of slag E (basicity of 0.95) on anthracite at 1 673 K and 1 773 K are shown in Fig. 16 . They are essentially the same. Negligible effect of temperature on the retention height is also observed for other slags with different compositions. The effect of substrate is also found to be negligible.
The slag retention height calculated using Mehta's result at 1 873 K is quite different from the present study at the same particle diameter. The calculated result is shown in Fig. 17 . The slag retention height does drastically decrease at 1 873 K compared with that at 1 773 K in the present work. The calculated result shows that slags at 1 873 K cannot be held on the coke bed if the average coke diameter was more than 20 mm. This is come from the contact angle decrease due to the SiC formation on the coke surface at high temperature (more than 1 873 K). Thus, the slag permeability at the lower part of blast furnace (around 1 873 K) is expected to be significantly larger than that of the upper part of cohesive zone (around 1 473 K).
Dimensionless Form
The application of this model is not restricted to molten slags but able to be used for any other kinds of liquids on the packed bed system. As an example, the hold up relation for liquid Fe-2mass%C on graphite is shown in Fig. 18 . The retention height of liquid Fe-C alloy is quite small compared with that of molten slag E under the condition of the same graphite shpere diameter. Namely, liquid pig iron can more easily permeate through the coke bed than slags do.
The maximum retention height of slag H is already given by where
The retention height of liquid on the spherical solid packing layer can be easily evaluated using the relation (7) once the density, surface tension and the contact angle for any liquid-packed bed system were given. The heights of slag E on anthracite substrate, liquid Fe-2mass%C alloy on graphite substrate and water on teflon-coated glass ball in dimension less form are shown in Fig. 19 . These results are obtained for the case of the sphere's diameter of 2 mm. Namely, the height difference is not related to any geometrical factors but simply reflects the physical properties of the liquidpacked bed system. The l for slag E, liquid Fe-2mass%C alloy and water are 3.17, 2.12 and 0.95, respectively. The smaller the characteristic length of l is, the larger the retention height. Thus, the permeation behaviour is characterized using the characteristic length l.
Setting H C to zero in Eq. (7), the maximum diameter of packed sphere (L max ) that can retain the liquid on the packed bed is given by If the diameter of the sphere in the packed bed became larger than L max , any liquid will permeates into the packed bed and cannot stay on the packed bed. The values of L max corresponding to slag E, liquid Fe-C alloy and water presented in Fig. 20 are calculated to be 15.7, 12.8 and 8.6 mm, respectively.
Conclusions
In the present study, the dynamic contact angle, density and surface tension of sessile droplet of molten slag on carbonaceous materials were measured at relatively low temperature (from 1 673 to 1 773 K) and development of the permeation model have been carried out. The following results are obtained.
(1) The type of substrate, slag basicity and temperature (in case of less than 1 773 K) have negligibly small effect on the molten slag density, surface tension and contact angle with carbonaceous materials.
(2) The relation between the retention height and the diameter of packed sphere in a dimensionless form has been developed and is given by
is the characteristic length.
(3) The calculated retention height based on the present model is well agreed with experimental results (in water model). (4) Characteristic length l (ϭ√ --Ϫg L -cos --q/rg -) can be used as an index to evaluate the permeability of liquid to packed bed.
Appendix.
In 
